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PhotosynthesisBioinformatic approaches have allowed the identiﬁcation in Arabidopsis thaliana of twenty genes encoding for
homologues of animal ionotropic glutamate receptors (iGLRs). Some of these putative receptor proteins,
grouped into three subfamilies, have been located to the plasmamembrane, but their possible location in
organelles has not been investigated so far. In the present work we provide multiple evidence for the plastid
localization of a glutamate receptor, AtGLR3.4, in Arabidopsis and tobacco. Biochemical analysis was
performed using an antibody shown to speciﬁcally recognize both the native protein in Arabidopsis and the
recombinant AtGLR3.4 fused to YFP expressed in tobacco. Western blots indicate the presence of AtGLR3.4 in
both the plasmamembrane and in chloroplasts. In agreement, in transformed Arabidopsis cultured cells as well
as in agroinﬁltrated tobacco leaves, AtGLR3.4::YFP is detected both at the plasmamembrane and at the plastid
level by confocal microscopy. The photosynthetic phenotype of mutant plants lacking AtGLR3.4 was also
investigated. These results identify for the ﬁrst time a dual localization of a glutamate receptor, revealing its
presence in plastids and chloroplasts and opening the way to functional studies.rsity of Padova, 35121 Padova,
azionale delle Ricerche– Istituto
l rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
During the last decade,many ion channels and transporters have been
identiﬁed in the outer and inner membranes of chloroplast envelope
as well as in thylakoids [1,2]. In general, the outer membrane is
considered to be quite permeable, while highly regulated ion channels
and transporters determine the selective permeability of the inner
membrane. It has been hypothesized that at least some of the chloroplast
channelsmay play an essential role bymodulating rapid ionﬂuxes across
envelope membranes and thus indirectly regulating photosynthesis [1].
Despite numerous indications of physiological variations in the concen-
tration of different ions (for calcium see, e.g., [3]), in most cases the
molecular entities that mediate ion ﬂuxes have not been identiﬁed, and
their pharmacology is not well developed. These facts have been an
obstacle for thedeterminationof thephysiological tasksof these channels.
In the model plant Arabidopsis thaliana, 20 genes encoding
homologues of animal iGluRs have been identiﬁed [4]. In vertebrates,
ionotropic glutamate receptors (iGluRs) are ligand-gated cationchannels that mediate most of the excitatory neurotransmission in
the central nervous system. Mammalian iGluRs are grouped into four
subfamilies according to pharmacological properties and sequence
similarities: α-amino-3-hydroxy-5-methyl-4 isoxazole propionate
(AMPA) receptors, kainate (KA) receptors, N-methyl-D-aspartate
(NMDA) receptors, and delta receptors.
According to phylogenetic analyses, the A. thaliana glutamate
receptor homologues can be subdivided into three separate sub-
groups [5,6]. It has been proposed that plant iGLRs can form Ca2+-
permeable non-selective cation channels (NSCCs), are inhibited by
animal iGLR antagonists and contribute to the shaping of plant Ca2+
signalling (e.g. [7,8]). However, a clear-cut proof of their function as
bona ﬁde glutamate-activated, antagonist-sensitive ion channels is
still missing. Studies with transgenic plants have suggested roles of
members of the plant GLR family in Ca2+ ﬂuxes (AtGLR2) [9],
coordination of mitotic activity in the root apical meristem [10],
regulation of abscisic acid biosynthesis and water balance (AtGLR1.1)
[11,12], carbon/nitrogen sensing (AtGLR1.1) [11] and resistance
against fungal infection [13]. Application of antagonists and agonists
of animal iGluRs revealed that plant GLRs might be involved in
regulation of root growth and branching [14], in light signal
transduction [4,15] and in the response to aluminium [16].
Various localization prediction tools suggest that some of the plant
iGLRs might have chloroplast and mitochondrial targeting sequences.
The presence of iGLRs in these organelles would be expected to be
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distribution of a protein in the cell is an important step toward
understanding its function. However, no experimental evidence has
been presented up to now concerning a possible intracellular
localization of iGLRs.
In the present paper, using speciﬁc antibodies and confocal
microscopy, we demonstrate that a member of the AtGLR subgroup
3, i.e. AtGLR3.4, is present in the chloroplast in Arabidopsis and in
agroinﬁltrated tobacco leaves.2. Experimental procedures
2.1. Plant material, cell cultures and mutant genotyping
Seeds of Arabidopsis thaliana ecotype Columbia were sterilized,
incubated for 3 days at 4 °C in the dark and allowed to germinate in
Murashige and Skoog medium [17] (Duchefa, The Netherlands) solid
medium (0.8% plant agar, Duchefa) supplemented with 30 g/l sucrose
in a growth chamber (24 °C, 8/16 h light/dark photoperiod, 70% RH).
Seedlings were picked and grown in soil in a growth chamber (22 °C,
8/16 h light/dark photoperiod, 70% RH). Rosette leaves from two
weeks old plants were harvested and immediately powdered in liquid
nitrogen for total RNA extraction. Shoots of 5 days old seedlings were
transferred into MSR2 medium (MS salts, 4.5 mg/l nicotinic acid,
10.9 mg/l thiamine HCl, 9.5 mg/l pyridoxal HCl, 200 mg/l KH2PO4,
0.5 g/l malt extract, 30 g/l sucrose, 1 mg/l 6-benzyl-aminopurine, and
2 mg/l 2,4-dichlorophenoxyacetic acid, at pH 5.7) for callus induction
and cell cultures preparation. Cell lines were maintained in a growth
chamber shaking at 80 rpm and sub-culturedweekly at 1.5/50 (v/v) in
MSR2 medium.
For genotyping, A. thaliana wt (Col-0) and mutant plants were
grown in a controlled growth chamber (23/18 °C, 10/14 h light/
dark photoperiod; 100 μmol photons m−2 s−1 light, 85% RH).
Mutant plants are T-DNA insertion lines from the SALK collection:
atglr3.4-1 (SALK_079842), and atglr3.4-2 (SALK_016904). After
genomic DNA extraction by using standard protocol, mutants
were genotyped by PCR using the following forward and reverse
primers: atglr3.4-1-speciﬁc, 5′-AACCCGCCTGGCGTTAGAGG-3′ and
5′-GAAACCCCAGCCTGTGCGTG-3′; atglr3.4-2-speciﬁc, 5′-GCAACTG-
CAAATTCCGTACA-3′ and 5′-CAGAGAGGAGCCAACAGAGC-3′; T-DNA-
speciﬁc, 5′-CGATGGCCCACTACGTGAACCA-3′ and 5′-TGGTTCACG-
TAGTGGGCCATCG-3′.
Seeds of Nicotiana tabacum cv SR1 were sown in soil and allowed
to grow in a growth chamber (25 °C, 16/8 h light/dark photoperiod).
Four week old leaves have been used for agroinﬁltration.2.2. Puriﬁcation of chloroplasts and thylakoids
Chloroplasts were isolated on a discontinuous (10/40/75%) Percoll
gradient [18] in order to separate intact chloroplast. Chlorophyll
concentration was measured after washing out Percoll. Arabidopsis
plasma membrane fraction was obtained from total extract, after
removing chloroplasts and mitochondria, by centrifugating at
30,000 g for 50′ at 4 °C. Thylakoids were isolated from Arabidopsis as
described in [28].2.3. Chloroform/methanol precipitation
Membrane proteins were precipitated with different mixtures of
chloroform/methanol according to [19]. 1 mg of protein from total
extract was mixed with a different chloroform/methanol ratio: after
centrifugation, pellets were resuspended in 200 μl of sample buffer.
Forty μl of each sample was loaded on SDS-PAGE.2.4. Gel electrophoresis and Western blotting
Proteins were separated in SDS/7.5% PAGE in the presence of 6 M
urea [18]. Gels were transblotted onto polyvinylidene diﬂuoride
(PVDF) membranes and decorated with protein A-puriﬁed sera
against AtGLR3.4, applied at 1:1000 dilution for 2 h. Anti-AtGLR3.4
antibody against the indicated peptide (a.a. 937–947) was obtained in
rabbit following standard immunisation protocols. Horseradish
peroxidase-coupled anti-rabbit IgG (Kirkegaard & Perry Laboratories)
was used as a secondary antibody, and blots were developed by using
the enhanced chemiluminescence system (Pierce). Anti-PsaA was
purchased from Agrisera, anti-GFP from Invitrogenwhile the anti-H+-
ATP-ase and anti-BiP antibodies were generous gifts from Profs. De
Michelis and Vitale, respectively.
2.5. Genetic material
Total RNA was extracted from 100 mg of powdered leaves using
TriZol reagent (Gibco brl, Germany). After treatment with RNase-free
DNase I (Ambion Ltd, UK), ﬁrst strand cDNA was synthesized starting
from 5 μg of total RNA using the PowerScript™ Reverse Transcriptase
(Clontech, USA).
AtGLR3.4 full-length cDNA was isolated by RT-PCR with primers
designed on the Arabidopsis gene At1g05200 coding sequence
(GI:79316806; region 276…3155), cloned in the pBlueScriptII vector
(Stratagene, USA) between SalI and PstI sites using the following
forward 5′-ACGCGTCGACGATGGGATTTTTGGTGATGATAAG-3′ and re-
verse primer 5′-AAAACTGCAGCCTTAAGTAATTTCGCCATGTTGTG-3′
(restriction sites are underlined).
For subcellular localization experiments, the AtGLR3.4 full-length
cDNA with modiﬁed stop codon was fused to the N-terminal of YFP
and cloned into the pGreen0029 vector [20] downstream to the
CaMV35S dual promoter (AtGLR3.4::YFP construct). AtGLR3.4::YFP and
TR-BAMY::GFP [21] constructs were transformed into Agrobacterium
tumefaciens GV3101 strain carrying the pSoup helper plasmid [20]
using the freeze–thaw method [22].
All constructs were sequenced at BMR-Genomics (www.bmr-
genomics.it, Padova, Italy).
2.6. Agroinﬁltration of tobacco leaves
Transformed A. tumefacienswere grown O/N at 28 °C in the dark in
YEP mediumwith 50 μg/ml kanamycin, 50 μg/ml gentamycin, 5 μg/ml
tetracycline and 100 μg/ml rifampicin for plasmid selection. Cells
were collected by centrifugation, washed twice with inﬁltration
medium (10 mM MES, pH 5.6, 10 mM MgCl2, and 100 μM acetosyr-
ingone) and resuspended in the same medium to an OD600=0.1
before inﬁltration into the abaxial surface of tobacco leaves using a
1 ml syringe with no needle.
2.7. Sequence analysis
Bioinformatics analyses were performed using ChloroP and
TargetP tools (http://www.cbs.dtu.dk/services), PCLRv_0.9 (http://
andrewschein.com/pclr/) as well as BlastP.
2.8. Protoplast isolation and transformation
Protoplasts of cultured Arabidopsis cells were isolated and
transformed following the Bregante et al. [23] protocol with some
modiﬁcations. Brieﬂy, 2 ml (packed volume) of 5 day old suspension
cultured cells was washed once in K3 medium (3/1 v/v) (0.4 M
sucrose; 1.67 mMxylose; 5 mMCaCl2; 3 mMNH4NO3; 1×Gamborg B5
salts; 1× Kao and Michayluk organic acids; 5 μM α-naphtalene-acetic
acid; and 4,4 μM 6-benzyl-aminopurine; pH 5.8; ﬁlter sterilized) and
incubated 4 h at 25 °C in the dark at 80 rpm in plasmolyzation buffer
Table 1
AtGluR3.4 and cyanobacterial glutamate receptors share sequence similarity.
AtGluR3.4 (At1g05200)
Synechocystis sp. PCC 6803 GluR0, slr 1257 (gi 1652933) 22%
Nostoc punctiforme PCC 73102 GluRG2 (gi 23126603) 24%
Magnetospirillum magnetotacticum MS-1 GluRG3
(gi 46202027)
21%
Aminoacid sequences of GLRs channels (GI: accession nos. in NCBI data bank) were
compared pairwise by BLASTP algorithm. % of identity is shown.
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aminopurine; pH 5.8; ﬁlter sterilized) containing 0.5% macerozyme
R10 (Yakult Pharmaceutical, Japan) and 1% cellulase Onozuka R10
(Yakult Pharmaceutical, Japan) (ﬁlter sterilized). Protoplasts were
thenﬁltered through 170 μmand50 μmnylonmeshes and centrifuged
5 min at 100×g at RT. The ﬁltered protoplasts were washed three
times with W5 solution (4/1 v/v) (154 mM NaCl; 5 mM KCl; 125 mM
CaCl2; and 5 mM glucose; pH 5.8; ﬁlter sterilized) and centrifuged
5 min at 100×g and resuspended in an appropriate volume of MaCa
buffer (0.5 Mmannitol; 20 mMCaCl2; and 0.1%w/v 2-[N-morpholino]
ethanesulfonic acid (MES); pH 5.8; ﬁlter sterilized) to obtain a ﬁnal
concentration of 106 pps/ml.
For Polyethylene glycol (PEG) mediated transformation, 15 μg of
plasmid DNA (7 μg for positive control) was added to 3.0·105
protoplasts and mixed with an equal volume of PEG solution (40%
w/v PEG4000; 0.4 M mannitol; and 0.1 M Ca(NO3)2; pH 8; ﬁlter
sterilized). The protoplast suspensionwas gently mixed and left in the
dark for 30 min at RT. The PEG was washed out with 5 ml of W5
solution, and then protoplasts were collected by 5 min centrifugation
at 100×g and resuspended in 2 ml of K3 solution. The protoplasts
were incubated at 20 °C in the dark for at least 16 h before microscopy
analysis.
2.9. Confocal microscopy
Confocal microscope analyses were performed using either a
Nikon PCM2000 (Bio-Rad, Germany) or a TCS SP2 (Leica, Germany)
laser scanning confocal imaging system with an excitation wave-
length of 488 nm for GFP and 514 nm for YFP, and detection at 530/
560 nm for YFP, 515/530 nm for GFP and 600LP (Nikon PCM2000) or
660/720 nm (TCS SP2) for chlorophyll.
ImageJ (http://rsb.info.nih.gov/ij/index.html) was used for images
handling and its JaCoP interface [24] for co-localization analysis.
2.10. Chlorophyll ﬂuorescence measurements
Chlorophyll ﬂuorescence induction and recovery curves recorded
with Dual-PAM 100 (Walz, Germany). Photochemical quantum yield
of Photosystem II (Y(II)) was determined as follows: Y(II)=1−Y
(NPQ)−Y(NO) where Y(NPQ) corresponds to the quantum yield of
regulated energy dissipation of PSII while Y(NO) stands for the
quantum yield of non-regulated energy dissipation of PSII. For
experiments under light stress conditions (not shown), Arabidopsis
leaves were illuminated with 2200 μE m−2 s−1 for 20 min before
PAM measurements.
3. Results
The exact localization of most plant glutamate receptors still needs
to be clariﬁed. Among the members of subgroup 3 in Arabidopsis,
according to the Aramemnon database (http://aramemnon.botanik.
uni-koeln.de/), GLR3.1/2/6/7 have very strong consensus sequences
for the secretory pathway, while GLR3.3/4/5 show multiple targeting
prediction. AtGLR3.4 is predicted to locate in chloroplasts by the
targeting prediction algorithms ChloroP_v1.1 (probability of 0.541; a
score above 0.55 is strongly predictive [25]) and PCLRv_0.9 (proba-
bility of 0.957), although other algorithms predict targeting to the
secretory pathway. AtGLR3.4 also shows a high degree of homology
with glutamate receptors GluR0 of Synechocystis and GluRG2 and
GluRG3 of cyanobacteria (Table 1), considered to be the precursor of
chloroplasts.
Recently, the presence of functional AtGLR3.4 in plasmamembrane
has been reported in transiently transformed onion epidermal cells
[26]. To investigate the localization of this protein in a homologous
system, i.e. that of Arabidopsis GLR3.4 (AtGLR3.4) in Arabidopsis
leaves, we developed a polyclonal antibody against a syntheticpeptide which corresponds to a non-conserved region of the C-
terminus of AtGLR3.4 (LKQKSSKKLKSTQSA—a.a. 933/947) (Fig. 1A).
The antibody efﬁciently recognized as little as 10 ng of the synthetic
peptide in dot blots (not shown). Furthermore, the speciﬁcity of the
anti-AtGLR3.4 antibody was assayed by expressing full-length
AtGLR3.4 with His-tag in E. coli. As shown in Fig. S1, the speciﬁc
anti-His-tag and the anti-AtGLR3.4 antibodies recognized the same
band of approx. 105 kDa (the predicted MW for AtGLR3.4 is 107 kDa)
exclusively in the sample where expression was induced. In
Arabidopsis total leaf extract, enriched in hydrophobic proteins by
chloroform/methanol extraction [19], the anti-AtGLR3.4 antibody
clearly recognized a band at approximately 85 kDa (Fig. 1B). The
protein can be found in green tissues but not in the root (Fig. 1B), in
agreement with the highest gene expression levels observed in leaves
and stem [26]. The predicted molecular weight for AtGLR3.4 is higher,
as mentioned above, than that observed in Arabidopsis. However,
plant channel proteins often migrate at a substantially different
apparent MW from that predicted (see e.g. [27–30]). The apparent
MW of the protein in Arabidopsis total extract did not change by
heating the sample in SDS at 55 to 95 °C in 10 °C apart (not shown). In
accordance with the previously shown localization of AtGLR3.4 in the
plasmamembrane of transformed onion epidermal cells [26], a protein
band with an apparent MW of 85 kDa was recognized by the anti-
AtGLR3.4 in the plasmamembrane-enriched microsomal fraction
(Fig. 1C left panel). The protein was detected also in isolated
chloroplasts, but not in puriﬁed thylakoids (Fig. 1C right panel). To
test for the speciﬁcity of the antibody and for the plastid targeting of
AtGLR3.4, chloroplasts isolated from wild-type as well as from two
independent atglr3.4 knock-out lines were used (Fig. 1D; for control
genetic analysis of mutants see Fig. S2 and reference [30]). Our
antibody clearly recognizes an 85 kDa band in the wild-type
chloroplasts, while the same band is absent in the atglr3.4 knock-
outs. Comparable total protein quantities were loaded, as indicated by
the similar signal intensity of the beta-chain of ATP-ase (Fig. 1D).
Although the protein, as expected, has low abundance in the
chloroplasts, the difference between the signal of WT and knock-out
chloroplasts is evident. To check whether the presence of AtGLR3.4 in
the chloroplasts may be due to cross-contamination by microsomal
fraction, the chloroplast preparation was assessed for purity. As
illustrated in Fig. 1E, while the microsomal fraction (MI : plasma-
membrane+endomembranes) is slightly contaminated by chloro-
plast membranes and contains endoplasmatic reticulum (ER) in our
preparation (see the markers PsaA and BiP, respectively, in the MI
lane), the chloroplasts do not contain either the ER marker BiP [31],
the H+/ATP-ase, a marker of plasma membrane [32] (Fig. 1E) or
mitochondrial cytochrome c (not shown). Therefore the presence of
AtGLR3.4 is not due to cross-contamination of chloroplasts by
plasmamembrane and/or ER. In turn, the presence of AtGLR3.4 in
the PM fraction cannot be fully ascribed to contamination by
chloroplasts, given the relative intensity of the bands (see Fig. 1C
and E). The above experiments indicate that anti-AtGLR3.4 speciﬁcally
recognizes the protein in chloroplasts and point to a dual localization
of the protein in Arabidopsis leaves. The fact that both in total extract
and in isolated chloroplasts the apparent molecular weight of the
AtGLR3.4 band is approximately 85 kDa suggests that the protein size
is not substantially modiﬁed upon import into chloroplast. We would
Fig. 1. AtGLR3.4 is present in chloroplasts isolated from Arabidopsis. (A) The peptide chosen for the antibody production, corresponding to aminoacids 933/947, is speciﬁc for
Arabidopsis AtGLR3.4. T-Coffee algorithm was used for multiple alignment. “*” : residues which are identical in all sequences in alignment; “:”: conserved, “.”:semi-conserved
substitutions. Colours are indicative of degree of homology (red for highest and blue for lowest homology). (B) Mass marker (Magic Mark - Invitrogen) and chloroform/methanol
precipitated total extract (TE C/M) from A. thaliana stem (S), leaf (L) and root (R) were loaded (50 μg) on SDS-PAGE in 6 M urea; theWestern blot was developed with anti-AtGLR3.4
antibody. (C) Left panel: Western blot of puriﬁed chloroplasts (CLP) andmicrosomal fraction (MI) consisting of plasmamembrane and endomembranes contains the 85 kDa protein.
Right panel: Equal protein quantity (30 μg) of puriﬁed chloroplasts and isolated thylakoids were loaded and Western blot was developed by using alkaline phosphatase-coupled
secondary antibody. (D) Puriﬁed chloroplasts from wild-types and two atglr3.4 knock-out mutants (pooled leafs for each mutant line) were loaded and assayed with AtGLR3.4-
speciﬁc antibody. As a control for equal loading, the same blot was stripped and re-blotted with anti-H+-ATP-ase. (E) Arabidopsis chloroplast and microsomal membrane fractions
(MI) loaded (30 μg each) on the same gel and processed together, were assayed with antibodies against thylakoid PsaA, ER BiP and plasmamembrane H+/ATP-ase to check for cross-
contamination. The same blot was stripped and re-blotted with the various antibodies. Protein concentrations were determined by BCA assay for each sample of this ﬁgure. All
Western blots are representative of at least 3 experiments.
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observed AtGLR3.4 in the chloroplasts of genetically non-modiﬁed,
wild-type plants, thus avoiding possible mistargeting artifacts.
To conﬁrm these results also by another method in a related
system, we expressed the fusion construct AtGLR3.4::YFP in a
homologous system, i.e. in protoplasts obtained from Arabidopsis
(ecotype Columbia) cells cultured in suspension. After transient
transformation of protoplasts, the following subcellular localization
pattern has been observed: (i) a clear YFP signal in plastids and
stromules (stroma-ﬁlled tubules, see arrows), and a uniform signal at
the plasmamembrane in most cells (Fig. 2A–C; three-dimensional
reconstruction); (ii) the YFP signal in plastids and stromules (Fig. 2D–
F; three-dimensional reconstruction) (iii) in accordance with previ-
ous data [25], the fusion protein was visible in the plasmamembrane
(Fig. 2G–I). Importantly, all images were analyzed by spectral
unmixing, avoiding misidentiﬁcation as YFP signal of the bleed-
through of the chlorophyll ﬂuorescence emission. The thioredoxin-
regulated β-amylase (TR-BAMY::GFP, [21]), a stromal enzyme, was
used as a positive control to mark all plastids and stromules (arrows)
(Fig. 2 J–O). Stromal GFP-fused β-amylase, similarly to AtGLR3.4::YFP,
gives a GFP signal also in plastids that do not contain chlorophyll,
indicating that both β-amylase and GLR3.4 are expressed in general in
plastids and not only in mature chloroplasts. Please note that
photosynthesis is not compulsory for these cells since they grow in
the presence of sucrose as carbon source. So, protoplasts obtained
from these cultured cells have green chlorophyll-containing chlor-oplasts (with red autoﬂuorescence of chlorophyll) and non-green
plastids.
In order to exclude any overexpression artefact and/or mistarget-
ing due to transient expression, we also studied the subcellular
localization of the AtGLR3.4::YFP fusion protein in agroinﬁltrated
tobacco leaves (a nearly-stable transformation) by using a full spectral
confocal microscope. Again, in this experimental set-up, ﬂuorescence
of chlorophyll and YFP are well-separated by the analyzing software.
We observed an evident dual targeting to the chloroplasts and to the
plasmamembrane (Fig. 3A–F, see also three-dimensional reconstruc-
tion in Fig. S3). A dual localization can be observed also in mesophyll
cells, however due to the quenching of the YFP ﬂuorescence by the
chlorophyll, the AtGLR3.4::YFP signal is less visible in the chloroplasts
(Fig. 3G–I). The JaCoP interface of ImageJ [24] has been used for a
quantitative analysis of co-localization of chlorophyll and YFP in
chloroplasts of transformed tobacco leaves. Fig. S4 shows an example
of the output obtained for the mesophyll cell presented in Fig. 3G.
To further conﬁrm the results of the confocal microscopy, total
extracts and isolated chloroplasts, obtained from control and
agroinﬁltrated tobacco leaves were assayed by Western blot. The
same band of approx. 115 kDa (of AtGLR3.4::YFP fusion protein) was
recognized by anti-GFP and the anti-AtGLR3.4 antibodies in the total
extracts of the transformed plants only (Fig. 3J). Furthermore, this
band was visible also in isolated contamination-free (not shown)
chloroplasts (Fig. 3J, right panel). The 115 kDa apparent molecular
weight is compatible with the sum of the MW of C-terminal fused YFP
Fig. 2. Subcellular localization of AtGLR3.4 and TR-BAMY in Arabidopsis cell protoplasts. Subcellular localization of AtGLR3.4::YFP and TR-BAMY::GFP (plastid marker) fusion proteins
expressed in transiently transformed Arabidopsis (ecotype Columbia) suspension cell protoplasts. Images are representative of 3 independent experiments. Protoplasts have been
imaged by a Nikon PCM2000 laser scanning confocal microscope and then dyes have been separated by the Spectral unmixing tool of ImageJ v.1.43o. Green ﬂuorescence belongs to
GFP or YFP; red ﬂuorescence belongs to chlorophyll in chloroplasts, merged ﬂuorescences are in yellow. (A–C) The YFP signal is well visible at the plasmamembrane and plastid
(arrowheads) and stromules (arrows) level, and co-localizes with chlorophyll in mature chloroplasts, indicating a dual localization for AtGLR3.4::YFP. (D–F) In some protoplasts the
fusion protein is clearly visible in plastids only. (G–I) The targeting to the plasmamembrane is well visible in protoplasts lacking auto-ﬂuorescent plastids. (J–O) The stromal marker
TR-BAMY::GFP has been used to identify both mature and immature plastids. Please note the similar size and form of the organelles positive for AtGLR3.4::YFP and TR-BAMY::GFP.
Images in A–F are 3D reconstruction of 30 sections (1 μm pass). Chl, chlorophyll; Tx, transmitted light; pm, plasma membrane. Bar is 10 μm. Microscope settings: objective 60×/1.40
NA oil; iris is 2/12 for chlorophyll and 3/12 for YFP/GFP; gain is 21/100 for all; offset is 0; pinhole size is 87 μm.
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slab (85–87 kDa). These data suggest that AtGLR3.4 expressed either
in Arabidopsis or in tobacco, probably undergoes a posttranslational
modiﬁcation which alters its electrophoretic mobility. Our results
indicate a dual localization for AtGLR3.4 in two different systems, i.e.in Arabidopsis plants and cells and in transformed tobacco plants. The
presence of the ﬂuorescent signal in stromules and the lack of protein
in thylakoids (Fig. 1C) suggest the localization of the protein in the
inner or outer envelope, as stromules are made of these two
membranes but do not contain thylakoids [33]. To further establish
Fig. 3. Subcellular localization of AtGLR3.4 in agroinﬁltrated tobacco leaves. Subcellular localization of AtGLR3.4::YFP in agroinﬁltrated tobacco (N. tabacum cv SR1) leaves. Images are
representative of 3 independent experiments. Leaves have been imaged 8 days after agroinﬁltration by the use of the Leica TCS SP2 confocal system and chlorophyll and YFP channels
have been separated by using the Leica Dye Finder tool. Images represent false coloured outputs of the software. AtGLR3.4::YFP is located in the plasmamembrane and chloroplasts
(arrows) in epidermal (A–F) andmesophyll (G–I) cells. Diffuse green ﬂuorescence signals can be observed where the PM is oriented parallel to and coincides with the focal plane. For
three-dimensional reconstruction see Fig. S2. pm, plasma membrane. Bar is 30 μm. Microscope settings: objective 40×/1.25–0.75 NA oil; gain is 670–770 for YFP and 570–670 for
chlorophyll; offset is 0; pinhole size is 115 μm. (J) Anti-AtGLR3.4 antibody recognizes the protein expressed in tobacco. Left panel: Total cell extracts from non-treated tobacco leaves
(wt) and from agro-inﬁltrated tobacco leaves (inf) were loaded (200 μg total protein/lane) and developed with the indicated antibodies. In this case nitrocellulose membrane and
the BCIP technique were used to visualize antibody recognition in order to reveal reaction of the anti-GFP antibody. Right panel: Total extracts (TE) (100 μg total protein/lane) and
isolated chloroplasts (CLP, 30 μg/lane) from wild-type and agroinﬁltrated (inf) tobacco plants were assayed by using the ECL chemiluminescence system.
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envelope membranes should be separately puriﬁed from Arabidopsis
chloroplasts. To our knowledge, suitable preparations of this type
cannot be obtained from this model plant.
An indirect role in the regulation of photosynthesis can be
envisioned for several ion channels of the envelope membrane
[1,2,34]. Glutamate receptor AtGLR3.4 has been shown to mediate
calcium ﬂuxes (as shown by using aequorin) [26] and glutamate
receptors contribute to light signalling by an unclariﬁed mechanism
[4]. Calcium is known to be required for efﬁcient photosynthesis, e.g.
for the function of the oxygen evolving complex [35], and forregulation of key metabolic enzymes of CO2 ﬁxation [36]. We
therefore performed an initial investigation of the photosynthetic
phenotype of wild-type and of two independent mutant lines.
Chlorophyll ﬂuorescence induction and recovery curves were
recorded from intact leaves of wild-type and the mutant plants,
grown under standard conditions (Fig. 4A–C). Analysis of these data
reveals that mutants lacking AtGLR3.4 had a slight, but statistically
signiﬁcant (t-test, pb0.05) reduction of photosynthetic yield of
Photosystem II (Fig. 4D). Furthermore, experiments under high light
stress suggest a slightly reduced capacity of non-photochemical
quenching in the mutants (not shown).
Fig. 4. Arabidopsis plants lacking AtGRL3.4 display a subtle photosynthetic phenotype. (A–C) Chlorophyll ﬂuorescence induction and recovery curves recorded from wild type and two
independentmutant lines. Fluorescence (a.u.) and time (s) are reported. The curves shownare representative of at least 5 experiments giving similar results.Maximalﬂuorescenceof dark-
adapted (for 20 min) leaf was obtained by a saturating ﬂash of 8000 μmol photons m−2s−1 of 400 ms duration (Fv)m. Measuring light of 46 μmol photons m−2s−1 was used to record
basic ﬂuorescence (F0). Continuous actinic light of 1287 μmol photons m−2s−1 was turned on and after the peak of the ﬂuorescence curve, saturation pulses were triggered every 20 s.
After 500 s, actinic light was switched off and recovery could be recorded. (D) Analysis by the Dual-PAM 100 software revealed a slight, but signiﬁcant difference in the photochemical
quantum yield of Photosystem II measured in the presence of actinic light (n=5 for each point, pb0.05)WT: black; dark and light grey indicate values obtained in the two mutant lines.
Mean values ± SD are reported (n=5).
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In the present work we show that AtGLR3.4 in wild-type
Arabidopsis and in agroinﬁltrated tobacco leaves has a dual localiza-
tion, being present also in the chloroplasts in addition to the
plasmamembrane.
The results shown in Figs. 1–3 point to a dual targeting of
AtGLR3.4. Please note that in the present work dual targeting of
AtGLR3.4 is observed not only in transiently transfected cells but also
in agroinﬁltrated tobacco and in wild-type Arabidopsis plants.
Examples of dual targeting in animal cells abound, and although
we do not know the mechanism of dual targeting for AtGLR3.4,
plausible hypotheses can be put forward (for review on dual
targeting see [37]). For example, it has been reported that several
members of the cytochrome P450 family (CYP) are targeted to both
the ER and mitochondrial compartments [38,39]. Dual targeting of
CYP apoproteins to the ER and to mitochondria is modulated by an
amino-terminal bipartite signal, which includes an ER targeting
sequence followed by a cryptic mitochondrial targeting sequence.
Activation of the cryptic signal is mediated through post-transla-
tional modiﬁcation depending on cellular cAMP levels. By analogy, it
can be hypothesized that effective targeting of AtGLR3.4 depends on
e.g. cAMP levels, which may vary from cell to cell in Arabidopsis cell
cultures. In fact, in some cultured cells AtGLR3.4 is targeted to both
membranes, in others mainly to chloroplasts, and still in others
mainly to the plasma membrane (Fig. 2). This targeting pattern maydepend on a different metabolic state of the cultured cells, and/or on
the transient nature of the expression. Targeting may also depend on
other kind of post-translational modiﬁcations or partnership. The
chloroplast proteome has been shown to contain N-glycosylated
proteins that are transported through the endoplasmatic reticulum
(ER) to chloroplasts [40] and direct contact as well as biochemical
interactions between ER and chloroplast membrane systems have
been demonstrated [41,42]. Such mechanism may a priori also be
responsible for AtGLR3.4 targeting. Whether the recently described
interaction between 14-3-3 proteins and AtGLR3.4 [43] may help
targeting of the protein to the chloroplasts remains to be deter-
mined. It is important to note, that depending on the transient
expression system used, subcellular targeting of channel proteins
may be altered, as illustrated by the case of Castor and Pollux
(located to chloroplasts or nuclear membrane depending on the
system used [44]). Interestingly, CAS, a novel calcium sensor protein
was located to the PM when the protein was transiently expressed in
onion epidermal cells [45], however a later study demonstrated its
presence in thylakoids [46]. Therefore, when using non-homologous,
transient expression systems for determination of GFP-tagged
protein localization, a biochemical additional proof can be useful
[44,46]. In any case, our results are not in contrast with previous
reports showing plasmamembrane localization of transiently
expressed AtGLR3.4 in onion cells [26] and change in agonist-
induced PM currents in atglr3.4 mutant hypocotil [30], but point to
the presence of the protein in plastids as well.
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membranes within the cell (e.g. [47–50]). For example different types
of potassium channels have been located to both the plasmamem-
brane and the mitochondria [51]. A classical, N-terminal mitochon-
drial targeting sequence cannot be revealed in these proteins, and the
mechanism for their dual targeting is unknown. A recent work
indicates that even small changes in the length of the transmembrane
domain of the viral potassium channel Kesv alter its localization
between the plasmamembrane and the mitochondria in mammalian
cells [52]. The apparent molecular weight of AtGL3.4 is comparable in
the plasmamembrane and in the chloroplasts, indicating either a
rather short cleavable targeting sequence or an internal, non-
cleavable signal. Further future work is required to clarify this point
and to understand how AtGLR3.4 is imported into the chloroplasts.
Whether AtGLR3.4 is the only iGLR in chloroplast is currently
unknown. In a revised version of Aramemnon released in July 2008,
AtGLR2.5 is predicted to be located in chloroplasts as well (0.48
probability of chloroplast targeting with ChloroP_v1.1). No experi-
mental data is available on the localization of this glutamate receptor.
In a recent paper Roy and colleagues [53] studied the expression
proﬁle of AtGLRs in different cell types in single cells by using the
MicroExpression ampliﬁcation (MEX) method. AtGLR2.5was detected
in mesophyll cells of only one out of six plants, while various AtGLR3
members were present in mesophyll cells of each examined plant. It
cannot be excluded therefore that various members of the AtGLR3
subgroup may have redundant functions in forming plastid iGLRs. In
accordance with this hypothesis, experiments failed to reveal a strong
photosynthetic phenotype in atglr3.4 knock-out plants grown under
standard conditions. A slight decrease of the photochemical quantum
yield of Photosystem II could be observed in two independent mutant
lines with respect to wild-type plants. Similarly, a chloroplast-located
chloride channel, ClC-e, has recently been shown to contribute to the
regulation of photosynthesis, although to a rather small extent
[18,54]. The mechanism by which glutamate receptor AtGLR3.4 may
inﬂuence the physiology of chloroplasts is difﬁcult to predict until the
bona ﬁde ion channel function of this protein is demonstrated.
Interestingly, the ATTED II algorithm reveals a high co-expression
pattern of AtGLR3.4 with two chloroplast-located proteins: 1) CSP41A
(At3g63140), encoding a protein with ribonuclease activity that is
involved in plastid rRNA maturation; and 2) a putative MATE-related
efﬂux carrier (AtDTX46) (At2g21340), suggested to be involved in
chlorophyll metabolic pathway.
It has been hypothesized that iGLRs may contribute to calcium
signalling [8]. Studies using AtGLR3.3 mutant plants showed that
intracellular Ca2+ rise and membrane depolarisation induced by
glutamate in Arabidopsis hypocotyls and root cells are correlated with
the presence of AtGLR3.3 [55]. However, most plant iGLRs, when
expressed in heterologous systems, do not give rise to any current
(oocytes), are toxic for host cells (e.g. in mammalian cells) [56], or are
retained in the endoplasmatic reticulum [10]. Recently, in order to
examine whether AtGLR homologues possess functional ion channel
domains, Tapken and Hollmann [57] transplanted the pore loop
together with the two adjacent intracellular loops of 17 AtGLR
subunits into two rat iGluR subunits and tested the resulting
chimaeric receptors for ion channel activity in the heterologous
expression system Xenopus oocytes. They showed that AtGLR1.1 and
AtGLR1.4 have functional ion pore domains. The AtGLR1.1 pores are
permeable to Na+, K+, and Ca2+ and are blocked by the non-speciﬁc
cation channel blocker La3+ [57]. For AtGLR3.4, to our knowledge,
there is no information available as to whether it allows the ﬂux of
only calcium and divalent cations or also of other, monovalent cations.
A fast-activating cation channel has been described in the chloroplast
envelope, although it is not known for the moment whether it may
correspond to an iGLR [58].
In conclusion, the present work provides evidence for a chloroplast
location of AtGLR3.4 in Arabidopsis and agroinﬁltrated tobacco leaves.The localization of this putative glutamate receptor to this energy-
producing organelle may open the way to further bioenergetic and
functional studies.
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